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Abstract 
During machining metals the material of the work piece is highly deformed and heated, which influences surface 
integrity. To simulate the machining process the thermo-mechanical material behavior in dependence of strain, strain 
rate and temperature has to be well known. One of the most used material models is the Johnson-Cook-Model, where 
the material dependent parameters are determined by Split-Hopkinson pressure bar tests. For the titanium alloy 
Ti-6Al-4V used for the simulations different investigations with the goal of determining material parameters have 
been published. However, the presented results vary significantly. It is expected that these varying parameters result 
in different predictions of surface integrity after machining. This influence is investigated by machining simulations 
using a self-developed continuous remeshing method. 
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1. Introduction 
For simulating machining processes it is important to model the material behavior of the work piece. 
At machining Ti-6Al-4V segmented chips are formed, which are difficult to predict using FEM. 
Therefore a lot of research has been done in this field [1-5]. One of the most often used material models is 
the Johnson-Cook-Model [6], which describes the yield stress in dependence of the plastic strain, plastic 
strain rate and temperature. To use this model for a special work piece material the material dependent 
constants have to be determined. For Ti-6Al-4V a lot of researchers determined these constants using 
compression tests by means of a split-Hopkinson pressure bar to use them for FEM simulations [7-10]. 
Although they did their analyses for the same material, there are some differences within the material 
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specific constants. That implies different results in terms of forces, temperatures and chip shapes when 
using these differing constants for machining simulation. Furthermore, the changed material behavior 
influences the resulting surface integrity. 
2. Simulation Model 
To investigate the influence of differing material parameters on surface integrity after machining a 
FEM simulation model was built up, which is suited for the calculation of surface integrity caused by 
mechanical and thermal tool loads during the metal-cutting of Ti-6Al-4V. The cutting tool has to be in 
full contact with the work piece and chip during the whole simulation time. Thus it was necessary to carry 
out the numerical investigations with a self-developed continuous remeshing method using ABAQUS, 
where a new mesh was created for the whole work piece every 5 µm of relative displacement between the 
tool and work piece to avoid strong distortion of elements, see Fig. 1. This mesh was created with 
different element densities, so that the shear zones and resulting surface could be simulated with a high 
resolution. The smallest element edge length was ex=2.5 µm. The work piece and the tool were modeled 
thermo-mechanically coupled using elements of the type ‘CPE4T’ out of the element library of ABAQUS 
[11]. At the beginning of each simulation the work piece was meshed by approximately 16000 elements. 
The number of elements was increasing up to about 25000 elements during the simulations. The specific 
heat capacity cp of the tool and its heat transfer to the surrounding were adapted as shown in [12]. Due to 
this proceeding, constant temperatures were reached after a length of cut which was three times the uncut 
chip thickness. After the chip was created the tool was lifted from the surface in order to mechanically 
relax and cool down the work piece to room temperature, see Fig. 1. 
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Fig. 1: (a) Continuous remeshing, (b) relaxing and cooling down the work piece. 
With this simulation model it is possible to calculate the residual stress states as well as established 
parameters like process forces, cutting temperatures and chip shapes during the metal-cutting of materials 
which tend to form segmented chips. The process parameters that were varied are the cutting velocity 
(vc1,S=100 m/min, vc2=200 m/min, vc3=300 m/min) and the uncut chip thickness (h1,S=100 µm, 
h2=200 µm, h3=300 µm). The geometry of the cutting tool was varied in terms of the clearance angle 
(α1,S=7°, α2=5°, α3=10°), the rake angle (γ1=7°, γ2=-5°, γ3,S=-7°, γ4=-10°) and the cutting edge radius 
(rβ1=15 µm, rβ2,S=30 µm, rβ3=45 µm). The standard parameters are indexed by an additional ‘s’. 
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3. Material Model 
The thermo-physical material parameters used for the work piece and tool were taken from [13, 14] 
and are compiled in Table 1. The inelastic heat fraction describes the percentage of the plastic work being 
converted into heat. 
Table 1: Thermo-physical material parameters. 
Material parameters Units work piece tool 
Young‘s modulus E [GPa] 115 210 
Density ρ [g/cm³] 4.43 11.9 
heat conductivity λ [W/(m·K)] 7.2 36.8 
specific heat cp [J/(kg·K)] 505 400 
thermal expansion α [1/K] 8.9E-6 - 
friction coefficient µ [-] 0.15 
inelastic heat fraction η [-] 0.9 
 
The applied material model for the work piece according to Johnson and Cook (JC) [11] can be 
divided into three multiplicative factors: )f(ε pl  describes increasing stresses with increasing plastic 
strains, )εf( pl  describes hardening due to increasing strain rates and f(T) , that describes the softening 
due to high temperatures. The JC yield stress fσ  can be calculated as: 
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The coefficients A , B , C , n  and m  of the Johnson-Cook model describe characteristic material 
constants and are adjusted to experimental data, see Table 2. Although the parameters differ considerably 
in parts they were all determined for describing the material behavior of the same material, Ti-6Al-4V. 
Table 2: Johnson-Cook material coefficients. 
Material 
coefficients Units 
Lee and Lin (a) 
[7] 
Lee and Lin (b) 
[8] 
Shivpuri et al. 
[9] 
Meyer and Kleponis 
[10] 
A [MPa] 782.7 724.7 870.0 896.0 
B [MPa] 498.4 683.1 990.0 656.0 
C [-] 0.028 0.035 0.011 0.0128 
n [-] 0.28 0.47 0.25 0.5 
m [-] 1.0 1.0 1.0 0.8 
4. Residual Stress states 
Ti-6Al-4V forms segmented chips for the whole range of cutting parameters. The segmentation 
influences the stress and strain states during machining, which, in turn, changes the residual stress states 
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periodically in dependence of the segment pitches. Because this influence is not measured during 
experiments, the residual stress states were identified for different positions behind the tool and the mean 
values were calculated, see Fig. 2. To compare the results of different simulations the averaged values 
were taken. Due to the strain rate hardening and temperature softening effects of Ti-6Al-4V compressive 
surface residual stresses remain after machining. 
The resulting depth profiles can be characterized by a few characteristic points (Fig. 2). For the stress 
profiles these points are the maximum compressive and tensile residual stresses in cutting direction 
II
maxp,σ , 
II
maxt,σ , respectively and the depth of the compressive stresses ( )IIpσz . The strain profile can be 
characterized by the maximum plastic strain maxpl,ε  and the depth of plastic deformation ( )plεz , that is 
determined by defining a lower limit 0.01ε limpl, = . 
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Fig. 2: Determination of the residual stress states and characterization of the depth profiles. 
5. Influence on Surface Integrity 
To clarify the influences of each factor of the material model they are first considered separately, see 
Fig. 3. The parameters according to Shivpuri et al. describe the highest strain and lowest strain rate 
influence of the four considered parameter sets, while the two different parameter sets according to Lee 
and Lin are characterized by the highest strain rate and lowest strain influence. The parameters of Meyer 
and Kleponis are characterized by the lowest elastic limit and the highest softening behavior with 
increasing temperatures. All the other models have the same temperature dependence that is less distinct. 
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Fig. 3: Influence of the (a) plastic strain, (b) plastic strain rate, (c) temperature. 
To show the influences of the investigated process, geometry and material parameters only the main 
results are summarized in terms of their influence on the surface characteristics they affect most 
significantly, see Fig. 4. Because the clearance angle α showed the smallest influence and no significant 
differences between the four material parameter sets, it is not illustrated. 
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Fig. 4: Influence of the (a) rake angle γ, (b) cutting edge radius rβ, (c) cutting velocity vc, (d) uncut chip thickness h. 
The rake angle γ showed decreasing depths of compressive stress and depths of plastic deformation 
with increasing angles, whereas the maximum plastic strain showed a falling tendency within negative 
angles. With increasing cutting edge radius rβ  the depth of compressive stress and plastic deformation 
increases. The maximum values of tensile stresses and plastic strains showed the same behavior. The 
depth of plastic deformation increases slightly within the varied range of cutting velocities. This is due to 
the growing plastic strain rate. The dominating influence of the plastic strain rate can also be seen when 
varying the uncut chip thickness, where an increase causes rising depth of compressive stresses. 
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The variation of the rake angle γ and cutting edge radius rβ showed the same behavior for all four 
material parameter sets that are considered. The results of the variation of the cutting velocity vc showed 
two opposing mechanisms, the influence of temperature and strain rate. The depth of plastic deformation 
increased more sharply at the parameter set of Meyer and Kleponis, which is due to the higher 
temperature softening. The influence of the strain rate can be detected at the other parameter sets, where 
Lee and Lin (a) shows the highest influence. When varying the uncut chip thickness, the depths of 
compressive stresses show for the four parameter sets the same order as for the influence of the plastic 
strain rate (cf. Fig. 3). 
6. Conclusion 
The results showed that the simulation of influences on surface integrity depends on the Johnson-Cook 
material parameters. In this connection the clearance angle, the rake angle and the cutting edge radius 
have the smallest effect, while the cutting velocity and uncut chip thickness showed to be of higher 
interest. The used material parameter sets showed the same trends with one exception. In further steps the 
results have to be compared to experimental measurements to find out which material model is most 
suitable in combination with the used simulation model. 
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